ABSTRACT: This paper presents the results of the development and initial testing of an experimental micro-scale particle-mobilization imaging apparatus. The system consisted of three fundamental components: a system to induce seepage, a flow cell to house the porous media specimen, and an imaging system to visually capture the process of seepage-induced mobilization of individual granular particles. The imaging equipment consisted of two components: (1) a high-resolution, high-speed camera capable of capturing up to 1273 frames per second; and (2) a high magnification lens. The flow cell that housed the soil underwent four versions of improvements, with the most recent design allowing for the particle detachment process to be clearly captured by the imaging system. Fine silica sand was used to create the test specimens. The system proved to be capable of capturing the details of seepage-induced detachment of individual particles, and will be used for future investigations aimed at accomplishing two primary objectives: (1) quantification of the forces leading to particle detachment; and (2) relation of these mobilizing forces to the characteristics of permeating fluids and hydraulic conditions.
INTRODUCTION
Particle mobilization is a fundamental process in soil erosion. The principle of soil particle mobilization involves the balance of forces acting on individual grains within a soil matrix. Potential forces typically acting on a particle within a soil matrix are: self weight, buoyancy, hydrostatic fluid pressure, inter-particle contact forces (effective stress), rotational resistance, drag forces, and electrical forces (Fournier et al. 2005 , Santamarina 2003 . As illustrated in Figure 1 , drag (F d ) and lifting (F L ) forces detach particles from the surface, while electrostatic (F e ) and, in most cases, gravitational (F g ) forces retain them in place (Bedrikovetsky et al, 2011) . Bedrikovetsky et al. (2011) concluded that if the moments caused by the mobilizing forces exceed the moments caused by the retention forces, a soil particle will detach and erode. However, the manner in which the lift and drag forces correlate to the flow conditions and the characteristics of the permeating fluids is still unclear. Moreover, the dominating force (lift or drag) in particle mobilization is not understood.
FIG 1. Illustration of forces acting FIG 2. Erosion mechanisms in on a particle (after Bedrikovetsky laminar and turbulent flows et al. 2011) (after Annandale 2011)
Flow conditions (laminar or turbulent) may also play different roles in soil erosion. For example, Annandale (2006) stated that the majority of erosion occurs in turbulent flow; turbulent flow creates varying hydrostatic lift forces, which facilitate particle detachment; in laminar flow, soil detachment might be governed only by shear stress since the drag force may be the only force acting to dislodge soil particles. This concept is illustrated in Figure 2 . The hydraulic shear stress (τ c ) or the critical hydraulic gradient that initiates the dislodging of soil particles is considered to be related to the flow velocity (Bergendahl and Grasso 2000) . However, existing research only allows for the critical shear stress to be determined through empirical curve-fitting (Ojha et al. 2003; Reddi 2006a, 2006b; Bendahmane et al. 2008 ). The onset of particle mobilization due to the complex interaction of soil grains with soil grains, soil grains with pore fluid, and even soil grains with suspensions in the pore fluid is not understood. This complexity was highlighted by the hole erosion test (HET) data and slot erosion test (SET) data from Wan and Fell (2004) that suggested a large degree of variability of τ c can exist for different specimens of the same soil.
Pore-scale visualization experiments can be used to study particle mobilization. The experimental setup generally consists of three fundamental items: a system to induce flow, a flow cell to house the porous media sample, and an imaging system to capture particle movement. Ochiai et al. (2006) and Zevi et al. (2006) This paper presents the outcomes of a research project aimed at developing an experimental setup capable of visually capturing the micro-scale process of seepageinduced granular particle mobilization and erosion. Though beyond the scope of this paper, ongoing investigations are focused on: (1) identification of the erosioninducing physicochemical mechanisms of suspension-fluid-soil interactions; and (2) quantification of the governing forces that initiate particle detachment in porous media subjected to various permeating fluids and hydraulic conditions.
EXPERIMETNAL DESIGN AND METHODOLOGY

Experimental Setup
(a) Conceptual experimental setup (b) Actual experimental setup Figure 3 shows the conceptual design and the final construction of the experimental setup. A constant-head reservoir supported by a mechanical jack was used to induce a steady flow rate while also allowing for adjustment of the constant hydraulic head. Effluent was collected in a bucket and pumped back to the constant-head reservoir. The imaging system was comprised of a high-speed, high-resolution digital camera outfitted with a microscopic lens. The digital camera (model: ORCA ® -flash2.8; manufacturer: Hamamatsu Corporation) has an advanced CMOS image sensor and can capture 45 frames per second of high-resolution images of 2.8 megapixels (each pixel measures 3.63×10 -6 m); when acquiring lower resolution images, the camera can capture as many as 1273 frames per second. Since the process of particle detachment spans just milliseconds, high frame rate and high resolution are especially necessary to capture the event. A micro lens with 12x zoom was thread-connected to the digital camera enabling the system to capture images of particulates as small as 2×10 -9 m. The imaging system was operated using Hamamatsu Corporation's image acquisition program called HCImage Live, which can manipulate the imaging speed, resolution, duration, exposure, etc. Since lighting greatly affected image quality, the flow cell rested on a transmitted-light base (model: Leica MDG 33), with additional gooseneck light sources above the flow cell, all of which allowed the specimen to be well-illuminated from both the top and the bottom, as shown in Figure 4 .
FIG 3. Experimental setup of micro-scale particle mobilization imaging apparatus
FIG 4. Flow cell and specimen resting on light base with gooseneck lighting above Flow Cell Design
The flow cell, whose ultimate form is shown in Figure 5 , underwent four evolutionary progressions focused on creating the conditions necessary to model and observe erosion within a capillary tube by housing a viewable granular specimen during an erosion-simulation test. Therefore, the following requirements guided its design and development: (1) the top and bottom should be transparent to allow lights from both sides to illuminate the specimen and allow for clear images of particle movements to be captured; (2) it should generate a steady and laminar flow across the entire cross section of the specimen-containment chamber; (3) an open space above the specimen should be large enough for particles to detach and enter the flow-stream without touching the upper confinement, but small enough to generate sufficient flow velocity (and hence shear force) to mobilize specimen particles; (4) it should allow for consistent molding of the specimens in the containment chamber as well as minimization of specimen disturbance before testing; and (5) it should allow for the removal of air during the initial saturation process. The four design phases are briefly described next. The conceptual design and a photo of flow cell 1.0 are shown in Figure 6 . The flow cell included an upstream chamber 32 mm in length to hold flow-dispersing glass beads, a middle chamber 74 mm in length to hold the specimen, and a downstream filter chamber 52 cm in length. Vinyl tubing of 4.3 mm inside diameter was used to connect the constant-head reservoir and the flow cell. This flow cell was found to have the following deficiencies: (1) the downstream filter was not needed and only hindered specimen preparation; (2) the soil chamber was not long enough, resulting in transient flow; (3) the tubing was too small to deliver a sufficient flow rate to cause particle mobilization; (4) the space above the sand was too large resulting in insufficient flow velocity to mobilize the particles; and (5) it leaked. The conceptual design and a photo of flow cell 2.0 are shown in Figure 7 . The flow cell was 356 mm long, including an upstream glass-bead flow-dispersion chamber and a specimen chamber. Vinyl tubing of 9.5 mm inside diameter was used to connect the constant-head reservoir and the flow cell. The top plate slid into two longitudinal channels within the specimen-containing base and was sealed by a cork gasket. Although this flow cell was capable of inducing particle mobilization and also allowed for visual recording of the process, it was found to have the following deficiencies: (1) the chamber was unnecessarily long; (2) installation of the top plate was cumbersome and resulted in disturbance to the specimen; (3) the cork gasket seal was easily damaged; and (4) it leaked significantly at the inlet and outlet. Figure  8 displays the conceptual design and physical construction of flow cell 3.0. The inside dimensions of the flow cell measured 235 mm in length and 75 mm in width, including a 30 mm long upstream glass-bead flow-dispersion chamber. The tubing had an inside diameter of 9.5 mm. The top seal was created by gluing a rubber gasket 2 mm in thickness to the upper surface of the sidewalls. The top plate was secured to the flow cell using 16 bolts that were fastened using wing nuts. The seal proved to be watertight. The height of the flow-dispersion chamber had to be large enough to accommodate the large-diameter tubing at the inlet, but the height of the specimen chamber needed to be small enough to promote a high enough flow velocity above the specimen to induce particle mobilization. Therefore, thin plastic plates were fabricated and stacked within the specimen chamber to reduce the thickness of the specimen-containment area. This configuration, similar to flow cell 2.0, was capable of inducing particle mobilization and allowed for visual recording of the process, but was found to have the following deficiencies: (1) it was difficult to remove air bubbles, which resulted in turbulent flow and unwanted forceful erosion; (2) the gaps between each of the plastic plates and between the plates and the sidewalls in the specimen chamber allowed seepage to flow outside of the specimen chamber thus diminishing the ability to accurately quantify the flow rate; and (3) tightening of the wing nuts during installation of the top plate resulted in unwanted disturbance of the specimen. The final flow cell design was very similar to flow cell 3.0 but addressed its major flaws. The inside dimensions measured 75 mm in width and 216 mm in length, including a 26 mm long upstream flow-dispersion chamber. The tubing had an inside diameter of 7.9 mm, and once again a rubber gasket was used as the seal. An air release valve was installed in the top plate above the flow-dispersion chamber to facilitate easy removal of air during the initial saturation process. In place of the stack of plastic plates, a solid acrylic trapezoidal platform was permanently glued to the bottom and the sides of the flow chamber, eliminating unwanted sidewall and bottom seepage. Square notches were drilled in the bottom plate to securely hold metal nuts that, in conjunction with bolts, facilitated easy installation of the top plate and minimized disturbance to the specimen. This new design achieved the objectives of inducing particle mobilization that could be visually recorded while also minimizing or eliminating the deficiencies of the previous flow cells.
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Materials
Pure silica sand with D 10 ≈ 0.70 mm, D 30 ≈ 0.82 mm, and D 60 ≈ 0.90 mm, was used to create the test specimens.
RESULTS
In this research program, the ultimate purpose of the micro-scale imaging of particle mobilization is to quantify particle displacements during erosion events. These displacements can then be used in the quantification of the forces that cause particle detachment, and these mobilizing forces can then be related to the characteristics of permeating fluids and hydraulic conditions. To accomplish this, clear images of individual particle detachment from the soil matrix need to be captured and analyzed. Therefore, the number of frames of images captured per second and image quality were strictly controlled and in each image, a micron scale was displayed to facilitate the quantification of particle displacements. Figure 9 shows a sequence of nine images captured during an erosion test. Flow direction was from left to right. In this experiment, the camera was set to capture 227 frames per second with a resolution of 336×256 pixels for each image. The soil particle under investigation is outlined in each of the nine images. Analysis of the images revealed, for this particular test, that particle detachment was initiated by the impact of another particle (indicated by the diagonally-oriented arrows in Figures 9d through 9e) already in suspension. Passage of this detachment-inducing particle was too fast to be clearly captured by the imaging system, as evidenced by the particle's blurry appearance in the four images. Upon impact with the passing particle, the particle under investigation began to detach and roll, as shown in Figures 9(f) through 9(i). This collision-induced mode of particle mobilization is illustrated schematically in Figure 10 . Three additional erosion tests were conducted and each revealed particle mobilization that was initiated by the shear stress imposed by the permeating fluid. This mode of detachment was characterized by an initial quivering of the particle followed by particle rotation in the same direction as the flow. Figure 11 schematically illustrates this scenario. Since the scope of this paper only focuses on discussion of the development of the test apparatus and verification of its utility, actual images of these particle-mobilization experiments are not included. Results from the authors' ongoing investigations focusing on the ultimate research goals discussed earlier in this paper will be released at a later date. 
CONCLUSIONS
This paper presents the development of an experimental system for micro-scale particle mobilization imaging. The system proved to be capable of capturing the details of seepage-induced horizontal particle detachments. However, its current form does not allow for the study of displacements in the vertical direction. This aspect of the imaging apparatus and its potential limitations may lead to an incomplete understanding of the erosion process; further adaptation of the experimental setup by the authors is undergoing.
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